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Introduction
Syne re s i s means separat i on of the 1 iquid phase in
gels. Tn yoghur t (a mil k gel), syneresis is undesirable.
Susceptibi 1 i ty of yoghur t to syneresis depends on several facto rs (6), particularly on the preheat treatment of
milk, the total solids content, and the acidity result ing fro m t h e growth of the l actic bacteria cult ur es.
Cult uring of milk that had been pr eh eated to 85° to 90 ° C
results in a firm yoghurt whi ch retains the 1 !quid phase
wi thin the protein matrix. Milk wh ich had not been
preheated forms a soft ge l from wh ich 1 iquid (whey)
separates easi ly. Preheat ing of milk destined for yoghur t manufacture is , therefore, pa r t of t he industrial
process (16). Effects of preheat treatment of milk on
the microstructure of yoghurt were reported ea rl ie r (7,
8, 11) . Casein par ticles were found to form a relatively
uniform matrix composed of bra nching c hains i n yoghurt
made from preheated milk. The casei n particles formed
large cluste r s ~ en unheated milk wa s cultured using a
yoghurt bacteria l culture (4, 9).
The total so l ids content is a nother fa cto r ~ ich
affects syneresis in yoghurt. Traditionally in Ba lkan
count ries. yoghurt was mad e fro m milk that had been
thickened by evaporation. A si mil ar increase in the
total solids content i s presently achieved by fortifyi ng
milk by the addition of nonfat dry milk solids or milk
protein concentrates (13, 14, 18) or by concentrating
the milk by reverse osmosis o r ultrafiltration (19).
Microst ructur e of yoghurt f ortified with milk proteins
has been studied (13, 19) but had not been related to
syneres1s.
In yoghurt, lactic acid produced by t he bacte rial
c ul ture l owers the pH below the isoelectric point and
i nduces coagu lation of casein. I n renneted milk gels,
casein micelles are destabili zed by t he highly specific
action of proteolytic enzymes on K- case in . Acid developmen t facilitates coagulation but is not essentia l for it
to take place. Development of microstructure in rermeted
lli lk gels, whi ch is somewhat different from the dev elopment of microstructure i n yoghurt, was stud i ed by Green
e t al. (3) a nd Sm ith (17). Syneresis of these gels was
studled in great de tail by Smith (17). Walstra et al.
(20) reviewed the s yneresis in both rermeted and acid
milk gels.
The object ive of this study was to investigate the
relations hip between mi c r ostruc ture and suscep tib ility
to syneresis in yoghurt made fro m heated reconstituted
nonfat dry mi l k as affected by the total so lids content
and final pH of the yoghurt.

Increase in the density of protein matrices i n
yoghurt samples conta in ing 10 t o 30% total milk sol ids

was studied by scan ning electron micros copy and was
cor r e la ted with a decrease in syneresis. Casein parti cles which formed chains and clusters in the protein
matrix were largest in the 10% total solids yoghurt and
their dimensions were decreased as the total solids

contents were increased. Thi s obs ervation was confirmed
by transmission e l ectron mic r oscopy of t hin sections.
An atte mpt has been mad e to ex plain the dis crepancy

between results on syneresis obtained by a drainage and
a centrifugation method applied to yoghur t samples made
at pi! 3.85 and 4.5. The explanation is based on a dif ference in rigidity of t he yoghurt s under study and in
t he for ces affecti ng t h e protei n matrix during tests for
syneresis.
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Materials and Me thods

Results and Discuss ion

Preoaration of yoghurt
Yoghurt was made from reconstituted 1 ow-heat nonfat
dry rni lk (NOM) of commercial origin. The NOM conta ined
94.5% total solids, 33% protein, and less than 1% fat,
as determined using the Off icia 1 Method s of Ana 1 ysi s
(1). The total solids contents of the reconstituted NOM
were adjusted to 10, 12.5, 15, 20, and 30%. These milks
were heated to 90°C for 10 min, cooled to 44°C, inoculated with a coiiVIIercial yoghurt sta r ter culture (5%,
v / v). and incubated at 44°C unt i1 the mixtures gelled
and the desired pH value was reached. This was achieved
within 3 to 21 h depending on the total solids contents
of the yoghurt milk .
Determination of lactose
Lactose concentration was determined using a polarimetric method (1) modified as follows: Yoghurt samples
were stirred for 10 min unti 1 they formed a homogenous
viscous liquid. An amount of yoghurt correspondi ng to
approximately 6 g total solids was wei ghed in a 100-mL
volumetric flask. Protein was coagulated by the addition
of 30 mL of a mercuric iodide solution {33.2 g KI and
13.5 g HgC1 2 was dissolved in a mixture of 200 mL of
glacial acetic acid and 640 mL of water) and the volume
was made up with a 5% solution of phosphOtlUlgstic acid.
The contents were shaken for 15 min and f i 1 tered. Lac tose concentration in the filtrate was measured in a
Perkin- Elmer 141 Polarimeter using a 10Q-mm cell and was
expressed in g/100 g {%).
Measurement of syneresis
Suscepti bility of yoghurt to syneresis was measured
using a drainage and a centrifugation method described
earlier (5, 6). In the drainage method (2). yoghurt made
in 250- mL beakers was cut into 4 parts and these were
drained in a funnel equipped with a stainless steel
screen (120 mesh ). The volume of whey separated into a
calibrated cylinder was measured at 5 min intervals for
60 min. In the centrifugation method, yoghurt samples
were made in 15- mL calibrated tubes and were centrifuged
at 6°C for 10 min at centrifugal forces ranging from 30
to 2000xg. The volume of the whey separated was plotted
against the centrifugal force applied. g - Force values of
inflection points obtained on S-shaped curves were used
as arbitrary measures of the susceptibi 1 ily to syneresis

Syneresis in yoghurt
In yoghurt, syneresis is considered to be a defect
rn this respect, the situation is in contrast to ren neted milk gels, where controlled syneresis is desirable
and important in the manufacture of cheese (17, 20)
Heating of milk destined for yoghurt production is one
of the processing procedures which prevents the develop ment of syneresis {6) in the finished product. Other
methods of controlling syneresis may involve the use of
thickening agents such as carrageenan, gelatinized
starch. or ge latin (10, 16, 18), the use of ropy bacte rial cultures (16, 18, 19). or fortification of yoghurt
milk with milk proteins including whe y proteins {14, 16,
18, 19). This latter procedure is closely related to the
effect resulting from an increased level of total sol ids, which is the subject of thi s study.
Electron microscopy showed (9- 12, 19) that yoghurt
consists of a protein matrix composed of chained and
clustered casein particles. Chains are convnon in yoghurt
made from milk which had been preheated to a minimum of
85°C whereas large clusters of casein particles form the
matrix of yoghurt made from unheated milk. Whey proteins
are part of the matrix in yoghurt made from heated milk
(11). Such a matrix is characterized by interstitial
spaces (pores). the dimensions of whi ch depend on the
protein content in that matrix. Heertje et al. (7)
showed that casein micelles in milk started to disintegrate as the pH of the milk r eac hed 5.5 due to the
production of lactic acid by the bacterial culture. The
disintegration was most extensive at pH 4.8 but the
proteins re- aggregated into globular particles as the pll
value was further decreased to 4.8 and lower.
Effect of total solids
It has already been mentioned that in yoghurt. casein particle chains are linked at random and form a
matrix with relatively uniform pores (Fig. 1) filled
with the I iquid phase (\Jley). As the total sol ids con tent in the yoghurt is increased, the casei n partie] e
chains become shorter. the pol'e dimensions are dimin ished. and the density of the matrix is increased. This
is evident from Figs. 1 to 4 showing protein matrices in
yoghurts made with 10, 12.5. 15, and 20% total solids
In these samples, there was a linear relationship be tween firmness and the total sol ids content, and susceptibility to syner·esis is found (6) to be .inversely
proportional to the total so lids content (Table 1) . The
volume of the whey separated depends on the volwne of
\•,hey present in the yoghurt sampl e and on the ability of
the matrix to hold the whey. The major factor, whi ch
contributes to syneresis in the drainage test. is mechanical disruption of the gel. The protein matrix of
the yoghurt being drained is compressed to a limited
extent by its o~ mass which is related to t he dimension
of the sample. The separation of whey increases with
time and finally levels off: the relative volume of whey
separated after an hour of drainage has been used as a
measure of susceptibi 1 ity to syneresis (6).
Compression of the protein matrix during centrifugation is increased beyond the comp ression achieved in
the drainage test. Separation of whey proceeds in three
distinct phases: In the first phase (Fig. 5), the pro tein matrix resists the centrifuga l forc e up to a certain li mit depending on the rigidity of the matrix ,
which is controlled by factors already mentioned such as
the to tal solids co ntent and pH. As the ce ntrifugal
force is further increased, the matrix starts to

(6).

Microstructure of yoghurt
Samples for electron microscopy were taken from 1
to 2 em below the surface of the yoghurt. The samples in
the form of prisms. 1 x 1 x 10 mm, were fixed with
aqueous 2.8% glutaraldehyde, dehydrated in ethanol,
frozen at - 150°C in Freon 12, and freeze - fractured under
1 iquid nitrogen. The fragments were me 1 ted in abso 1 ute
alcohol, critic a 1 - point dried from carbon dioxide,
mounted on al uminum stubs, sputter- coated with gold, and
examined by scanning electron microscopy (SEM) as described earlier (19). A Cambridge Stereoscan Mark II
electron microscope was operated at 20 kV and micrographs were taken on 35 - mm film. For transmission
electron mi croscopy {TEM), the samples fixed in glutaraldehyde were trimmed to 1 mm3 cubes, postfixed in a 2%
osmium tetroxide solution in 0.05 M veronal - acetate
buffer , pH 6.75, and embedded in Spurr's low- viscosity
medium (J. B. EM Service Inc., Pointe Claire-Dorval,
Quebec, Canada). Sections, 90 nm thick. were stained
with uranyl acetate and lead citrate solutions and
examined in a Philips EM-300 electron microscope operated at 60 kV.
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F ig s . 1 - 4. Dens it y of the protein matrix increa ses and pore s izes decrease in yoghurt (pH 4.0) a s the total sol id s
con t en t is increased . Fig. J: /0% total solid s : Fig. 2: I S% t ot a t solids: Fig. 3: 20X total so lid s : Fig. 4: 3D%
total solid s. Void spac es around lactic acid bacteria (arrows) are noticeable at t ota l so lid s content s higher than
/ 5X (fig s . 3 and 4 J.

collapse. In this second phase, whey is sepa r ated at a

Table L Effect of the tota l so l ids con tent
on the susceptibility of yoghurt to syneresis

h igher rate t ha n in the preceding phase. This phase is
term inated after most of the whey is separated. Beyond
t hi s point, even a large increment in t he centrifugal
force resu1 ts in on l y a small volume of wh ey being
separated. Thus, t he plot of the volume of whey separat ed against centrifuga l force has the form of an S- s haped
c urv e (Fi g. 5). The g - for ce of the infl ectio n point
(marked with a n asteri sk in Fig. 5) has been arbitradly
suggested by the authors as a measure of t he suscepti bility t o syneresis in yoghurt.
It is i mp robable that during normal comme r cial
handl i ng. yoghur t would be subjected to conditions compara bl e to the high cen trifugal forces applied duri ng
the centrifugal test. Howeve r , trucking over bumpy roads
would subject it to conditions more severe than t hose of
the drai nage test . The centrifuge tes t ha s the advan tage
of showing the effects of varying g - f orce on the rigidi ty of the yoghu r t matri x (6)
The low- magnification micrographs in Figs . 1 to 4
show that the dimensions of the pores are considerably
decreased as the total sol ids are increased from 10 to
20%. The concentration of lac tose, of which only Jess
t han 10% is conv erted i nto lactic acid , . increases
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a The yoghurts (pH 4.0) were made from reconstitu ted
low- heat NDM preheated to 90°C for 10 min before
c u1 t uring.
b Vo lume (%) of the whey separated after 60 min
r e l ative with respect to the total volume of the
yoghur t (6, 14).
c g- Val ues of i nflection points obtained on S- shaped
c ur ves (6).
d Penetrometric measurement using a probe, 12.4 mm
in diameter (10, 12 ).
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Centrifugal force. g

Phase 2

Phase l

f..l.&..2..:_ Separation of \ttley from yoghurt by centrifugation and compression of the yoghu. rt matrix. Abscissa: cent rifugal force 8- Ordinate: Volwne of whey (V"J released, relative to the totaL volume of yoghurt. Asterisk indicates
inflection point.

proportionally with the total solids content (Fig. 6).
With the increased concentration of lactose, the hydra tion of casein (and other proteins) is decreased and may
result in smal ler sizes of the casein particles. The
difference in the dimensions of the protein particles.
which is demonstra ted by SEM in Figs. 7 to 11, affects
the tota l volume of t he interstitial space. Although the
SEM micrographs are instructive, they would be difficult
to use in measuring the casein particle dimensions. TEM
micrographs of thin sections whi ch s how yoghurts con taining 10% (Fig. 12) and 20% total solids (Fig . 13)
were used for that purpose and hav e confirmed the anti cipated differences. Thus, the overall difference in the
volume of the interstitial space in the yoghurt matrix
is the result of two opposing factors. One factor is the
presence of an i ncreased number of casein particles in a
Wlit volume and the other factor is the smaller dimen sions of suc h particles
Effect of pH
Acidity of yoghurt is another factor which affects
its susceptibility to syneresis. Most yoghurts are made
within the range of pH 4.0 to 4.4. For an earlier study
(6). the range was slightly expanded for better con trast. The drainage test showed the susceptibility to
syneresis to be greate r in yoghurt made at pH 3.85 than

at pH 4.5. In contrast, the centrifugation test yielded
an opposite result whi ch means that the yoghurt made at
pH 3.85 was found to be less susceptible to syneresis
tha n yoghurt made at pH 4.5. This di screpa n cy was reported earlier as not being significant (6). SUbsequent
trials, howe ver, revealed that the differences were
reproducible. As these differences cannot be explained
by syneresis profiles produced by the two methods, an
explanation was sought in other characteristics such as
fir mness and mi crostructure of the yoghurts Wlder study .
The yoghurt at pH 3.85 was firmer than the other
yoghurt made at pH 4.5 (Table 2). It may be assumed that
the conditions. to whi ch the yoghurt samples are subjected during syneresis tests by drainage and centrifu gation, are different. During centrifugation. intact
yoghurt samples are subjec ted to co!Rpaction by centrifugal force i n excess of 500xg for a relatively short
period of 10 min. Firmness of the yoghurt (rigidity of
the protein matrix) and its ability to withstand compaction are important factors which indicate low suscepti bility to syneresis. As has already been mentioned above,
the yoghurt was cut into 4 pieces in order to measure
its suscepti bi 1 i ty to syneresis by the drainage method.
In this test. the major factor detennin ing the rate and
extent of syneresis appears to be the pore dimensions

Table 2. Characteristics of yoghurt made from
reconstituted nonfat dry milk (10% total so lids)
preheated to 90°C for 10 min
4.5

Susceptibility
to syneresis by
drainageb:
centr ifugat ionC:
Pore size·
Cracksd:

..,
0

u

ro

_J

3.85
35.0±1.7

35.1
705
larger
smaller

a Penetrometric measurement using a probe, 12.4 mm
in diameter (10, 12).
b Volume (%) of the whey separated after 60 min,
relative with respect to the total volume of the
yoghurt (6. 14).
c g-Values of inflection points obtained on S-shaped
curves (6).
d Cracks caused by the network collapse during
centrHugation.

Total sol i ds(% )

~Linear

correlation between the total sol ids content and the lactose content in yoghu.rts made at pH 4.5
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in t he protein network. The larger the por es in the
protein matrix. the easier the separation of the whey
It is conceivable that the firmer yoghurt (made at pH
3.85). ~ich was found to be less susceptible to syneresis by the centrifugation method, would show greater
syne resis by the drainage method provided that t he pore
dimensions in this yoghurt were larger than in the
yoghurt made at pH 4.5. Such a difference has, indeed,
been observed by SEM (Figs. 14 and 15) but has not been
eval uated by methods of statistical analysis. It may be
hypothesized that the formation of larger pores may be
caused by a higher net positi ve electric charge of the
casein micelles at pH 3.85 as compared to pH 4.5. The
increased positive charge presumably reduces intermicel lar interactions which result in the formation of an
open ( porous ) structure leading to increased syne resis
by drainage of a ~r~echanically disrupted yoghurt. The
intramicellar repulsion caused by the increased positive
c harge at t he lower pH would tend to s we ll the casein
particles resulting in increased packing density and,
consequently, in an increased rigidity of the milk gel.
Higher resistance of yoghurt to syne r esis at pH
3.85 during the centrifugation test reflects the higher
gel rigidity compared to that of a yoghurt made at pH
4 .5. Lower rigidity of this latter yoghurt makes the
yoghurt matrix more susceptible to deformation by centrifugal force and consequent collapse of the network.

Fiss. 7 - 11 . Microstructure of yoghurt (pll 4.0J
containing 10" total so l ids CTSJ (fig. 7J, 12.5" TS
rfts. 8J, 15" rs ff is. 9J. 20% rs rFig. JOJ, and 30% rs
(fig. llJ shows the gradual decrease in the dimensions
of the pores as well as in the dimensions of the casei n
particles which form the protein matrix
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Fiss. 12 and 13 . Electron microscopy of thin sec tion s of yoghurt !Jil 4.0J con tain ing lOX total solid s Cfig. llJ and
~total soli ds (fig. 13J. 1"he case in particle s (c) are larger in the 10% t otal so lid s yog hurt than in the 20%
total soli ds yoghurt. a= Aqueou s phase. Arrows in Fig . 13 point to an artefact caused by the precipitation of
minute el ectron-dense osmium particle s as de sc rib ed by Parnell-clunies and Kaku.da (J5J

figs. 14 and 15. Micro structure of yoghurts (JQ% total solid sJ made at pH 3.85 (fig
The pore s izes appear to be larger in yoghu rt made at pH 3.85 than at Iii 4.5.

figs. 16 and 17. Microstructure of yoghurts made at pH 3.85 (fig.

J4J and at pH 4 .5 (fig.

15J.

l6J and at pH 4.5 (fig. I7J following a cent rifugation test. Cracks developed in yoghurt which had been made at pH 4 .5. The matrix of the yoghurt made at pH 3.85
more re sistant to collapse in the centr ifugation test than the matrix of the yoghurt made at pH 4.5.

II.'O. s
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which is demonstrated by the development of larger and
more numerous cracks. This is evident in the mi crographs
which wer e obtained by examining yoghurts made at pH
3.85 and 4.5 (Figs. 16 and 1?, respectively), following
centrifugation where almost the maximum whey separation
~s reached.
Thus, it was possible to use the firmness and
microstructure of yoghurts to satisfactorily explain the
effects of th e total sol ids content and pH on the susceptibility of the yoghurts to syneresis as measured by
the drainage and centrifugation methods
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quadruplicate sets of measurements, the maximum standard
deviation was ±1.8%.
Y. Kakuda:

It is unclear how at pH 3.85 the casein

~tjC"l";;-swe II resulting in an

increased packing densi-

ty and yet

the micrographs show a more open structure.
Would not a more porous structure be Jess densely
packed?
Authors: The swe l ling of casein micell es at low pH is
envisaged as analogous to the acid expansion of globular
proteins resu1 ting from intramolecular cha rge repulsion
[Tanford C. (1968). Prote in denaturation . Advan. Protein
Chern. 23, 121 - 282]. At the Jaw pH, the expanded or swol len ca-;;in micelle, presumably at a higher level of hydration. occupies a larger volwne which increases pack ing den sity. On the other hand. as a result of the net
positive charge of the casein micell e at the low pH, the
intermolecular interaction is reduced due to charge
repulsion between the micelles. This results in increasing the dimensions of open spaces.
L l. KrSeY....:, The authors report that void spaces around
lactic acid bacteria were noticeabl e at total solids
contents higher than 15%. If no particular attention was
paid to the void spaces around the bacteria, how can any
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conclusion be drawn?
Autho rs: Some peculiarities are easy to notice in the
electron microscope. In yoghurts having the total solids
content below 15%, regular pores and the void spaces
around lactic acid bacteria are of si milar dimensions
and are difficult to distinguish one from the other
As the total sol ids content is increased above 15%, the
pore dimensions are decreased a nd the void spaces around
lactic acid bacteria are easy to identify.

1.l:_-.!~ci~Y..:. The review is concerned with yoghurt made
from reconstituted nonfat dry milk . Nonfat dry milk
usually contains approximately 1% fat. Did the authors
obse r ve fat globu l es as the total solids contents in the
yoghurts were increased from 10% to 30%?
~ Fat globules may be observed by SEM provided
that t hey have been preserved for that purpose, e.g., by
fixing the yoghurt using if'llidazole - buffered oSIIium
tet roxide . Otherwise t he fat globules are eli minated
during the preparative procedure. Fat globules in yoghurt were shown earlier lAilan - Wojtas P, KaJcib M.
(1984). Milk gel st ructure. XIV. Fixat i on of fat globules in whol e-milk yoghurt for e lectron microscopy.
Mi lchwissenschaft 39(6). 323-327 ].

